| INTRODUCTION
The increase in near-surface air temperature observed in the Arctic since about 1990 has been almost twice as large as the global average: a phenomenon known as Arctic amplification (AA; Serreze et al., 2009; Screen and Simmonds, 2010; Wood and Overland, 2010; Cohen et al., 2014; Overland et al., 2016a) . Both observational and modelling work have suggested that the AA, accompanied by melting Arctic sea ice and/or increasing Eurasian snow cover, may alter planetary-scale wave activity and the jet stream in the midand high latitudes (Honda et al., 2009; Cohen et al., 2013; Cohen et al., 2014; Kim et al., 2014; Mori et al., 2014; Francis and Vavrus, 2015; Kretschmer et al., 2016; Pedersen et al., 2016; Wu and Smith, 2016; Zhang et al., 2016; Nakamura et al., 2016a; Kretschmer et al., 2017; Vavrus et al., 2017) . Thus, AA may contribute to anomalous weather events in Northern Hemisphere (NH) mid-latitudes (Francis and Vavrus, 2012; Jaiser et al., 2012; Liu et al., 2012; Tang et al., 2013; Cohen et al., 2014; Wallace et al., 2014; Kug et al., 2015; Overland et al., 2015; Cohen, 2016; Overland et al., 2016b) , and therefore offers a possible opportunity to improve extended-range seasonal forecasts for mid-latitudes (Garcia-Serrano and Frankignoul, 2014; Jung et al., 2014; Walsh, 2014) .
Among these anomalous weather events, the "WarmArctic/Cold-continents" (WACC) temperature anomaly pattern (Overland et al., 2011) that has recently occurred frequently during NH winter (December-January-February [DJF]; Cohen et al., 2014; Shepherd, 2016; Cohen et al., 2018) is of particular interest, not only within the scientific community but also among the general public. WACC is a pattern that links the warm surface temperatures in the Arctic with cold continental winters. In extreme cases (e.g., periods in December 2016 and January 2017), the central Arctic was some 20 C warmer than normal in some areas while large parts of Siberia were around 20 C colder than the climatological mean for the period of 1979-2000 (http://ccireanalyzer.org/reanalysis/daily_maps/, see the daily temperature anomaly maps). WACC has been associated with some exceptionally severe winter weather outbreaks along the U.S. East Coast in the last decade (Cohen et al., 2018) and may even have affected peoples' perception of global warming (Capstick and Pidgeon, 2014; Hamilton and LemckeStampone, 2014) . Whether AA plays a key role in forcing the WACC pattern is still unclear (Overland et al., 2015; McCusker et al., 2016; Overland et al., 2016b; Francis, 2017) . One of the key challenges is that previous studies have generally focused on relatively short timespans (typically since around the mid-1990s) and have struggled to identify robust signals amid the substantial noise of natural variability (Cohen et al., 2014) . More data (e.g., provided by recently available centennial-timescale reanalysis data sets) are therefore needed before conclusions regarding climate impacts and feedbacks can be drawn with certainty (Hopsch et al., 2012) . Long-term observational records indicate that the WACC pattern occurred during the early twentieth century warming (1920s-1940s) as well as in the post-1990 period (Brönnimann et al., 2004; Johannessen et al., 2004; Cohen et al., 2010; Van Oldenborgh et al., 2015; Johannessen et al., 2016) . This allows us to study the characteristics and factors influencing the WACC pattern during another historical period. Studies suggest that the earlier warming was mainly due to natural climate variability, while the recent surface air temperature changes are a response to anthropogenic forcing (Delworth and Knutson, 2000; Bengtsson et al., 2004; Johannessen et al., 2004; Yamanouchi, 2011; Thompson et al., 2015; Tokinaga et al., 2017) . In this paper, we do not seek to directly address the causes of the WACC pattern, but instead we compare atmospheric dynamical features, including the polewards atmospheric temperature gradient, mid-latitude zonal wind, waviness of the jet stream, blocking frequency (BF) and blocking intensity (BI), during these two AA periods. The similarities and differences help clarify whether the WACC pattern is mainly associated with either natural variability or anthropogenic forcing.
The paper is organized as follows: Data and methods are described in section 2. Changes in temperature, polewards temperature gradient, strength of zonal wind, upper-level flow character, BF and BI in the periods of AA are presented in section 3. The main conclusions follow in section 4.
| DATA AND METHODS

| Data
The primary data set used in this study is the European Centre for Medium-Range Weather Forecasts (ECMWF) 20th century reanalysis, ERA20C (Poli et al., 2016) . The source data are 6-hourly fields of 2-m air temperature, 1,000-500 hPa (with 100 hPa interval) winds and geopotential height with a horizontal resolution of 1 latitude × 1 longitude for the period of 1900-2010 (https://www.ecmwf. int). Anomalies were calculated by subtracting the mean for each calendar day, averaged over 1981-2010, from each daily mean at each grid point, so that the climatologicalmean seasonal cycle was removed. The key analyses are repeated using the following data sets:
1. The NASA Goddard Institute for Space Studies' observational surface temperature records, GISTEMP (Hansen et al., 2010) since 1880. 2. The ECMWF's coupled ocean-atmosphere reanalysis of the 20th century, CERA20C (Laloyaux et al., 2017) , for the period 1900-2010. 3. The ECMWF's ERA-Interim reanalysis data (Dee et al., 2011) for the period since 1979. 4. NOAA 20th century reanalysis version 2C, 20CRv2C (Compo et al., 2011) , for the period since 1850.
Monthly surface temperature records from GISTEMP on a 2 latitude × 2 longitude grid with 250 km smoothing were downloaded from http://www.esrl.noaa.gov/psd/; 6-hourly data of the same fields from CERA20C and ERAInterim were downloaded from https://www.ecmwf.int with the same horizontal resolution as the ERA20C; daily mean data from 20CRv2c with horizontal resolution of 2 × 2 were downloaded from http://www.esrl.noaa.gov/psd/. Anomalies relative to the common period of 1981-2010 were then calculated on a monthly basis for the GISTEMP, and on a daily basis for the other data sets.
| MCI index
The meridional circulation index (MCI) is used to measure atmospheric flow waviness (Francis and Vavrus, 2015) . It is defined as the ratio of the meridional (north/south) wind component to the total wind speed,
where u and v are the zonal and meridional components of the wind. When MCI = 0, the wind is purely zonal, and when MCI = 1(−1), the flow is from the south (north). The absolute value of MCI (|MCI|) gives the overall waviness of the flow, with a value close to 1(0) indicating predominantly meridional (zonal) flow (see Figure S6 , Supporting Information: the DJF climatological mean of |MCI| and 500 hPa wind fields during . According to this definition, a more meridional flow can result from either a weaker u and/or stronger v wind component through simple vector geometry. Daily 500 hPa wind components are used to calculate the MCI at each grid point in ERA20C reanalysis fields.
| BF and BI
As an indicator of blocking, we have used a 2D blocking index, which is an extension of the 1D index defined by Tibaldi and Molteni (1990) , referred to as the TM90 index. It is based on the reversal of the meridional gradient of 500 hPa geopotential height (Z 500 ). Modifications as explained by Scherrer et al. (2006) are applied to the TM90 index. The geopotential height gradients (defined below) are calculated at central grid latitudes φ c (varying between 35 N and 75 N, in 1 steps with ERA20C data), with a distance of 15 between φ c and the northern and southern latitudes, φ N and φ S , respectively. Specifically, for each grid point, we calculated the daily southern geopotential height gradient (GHGS) and the northern geopotential height gradient (GHGN) as follows:
If the conditions GHGS > 0 and GHGN < −10 m per degree latitude are simultaneously satisfied, a grid point is defined as instantaneously blocked. If the blocking occurs within a box of 5 latitude × 10 longitude centred on that grid point for at least five consecutive days, a blocking event is detected at that point (Davini et al., 2012) . These criteria ensure that the detected episodes have both significant meridional and zonal extent, are quasi-stationary in space, and are continuous in time. This typically corresponds to a mature blocking event.
The BF is then defined as the percentage of the number of blocked days at a given grid point compared to the total number of winter days (90 days). This 2D index has been widely used to investigate the NH blocking variability (Rimbu and Lohmann, 2011; Davini et al., 2012; Rimbu et al., 2014; Kennedy et al., 2016) .
The BI index is used to quantify how much the atmospheric circulation is affected by the presence of blocking. It is a 2D extension of a BI index defined by Lupo and Smith (1995) . For each grid point where a blocking event is detected,
in which λ 0 and φ 0 represent the gridpoint's longitude and latitude, respectively. MZ is the value of Z 500 (λ 0 , φ 0 ). RC is the height of a subjectively chosen representative contour with a slight modification made by Wiedenmann et al. (2002) 
where Z u and Z d represent the minimum of the Z 500 field within 60 upstream and downstream at the same latitude φ 0 of the chosen point, respectively. By definition, the minimum value for BI is 0, and higher values indicate stronger events.
| Trend analysis
We have extended the research period back to 1901 by using the century-long reanalysis product from ERA20C. Linear trends in 2-m temperature, polewards temperature gradient, zonal wind component, MCI, BF, and BI are calculated for the periods of 1920-1940 (referred to as period AA1) and 1990-2010 (referred to as period AA2). It should be noted that AA occurred not only during the AA1 and AA2 periods but also in the 1950s-1960s, when the Arctic cooled faster than the NH lower latitudes (Johannessen et al., 2016; Davy et al., 2018) . However, because we are mainly concerned with the WACC pattern, we naturally focus on the AA1 and AA2 Arctic warming periods. Trends are calculated using least square regression, and trends significantly different from zero are identified using the Mann-Kendall (MK) test at the α = .05 significance level (Mann, 1945; Kendall, 1975) . The possible effect of temporal autocorrelation on trend detection (Yue et al., 2002) is considered, following the modification of the MK test proposed by Yue and Wang (2004) .
3 | RESULTS AND DISCUSSION 3.1 | Changes in temperature and polewards temperature gradient WACC is a near-surface temperature anomaly pattern that depicts a relatively warm Arctic with cold continental winters. Cohen et al. (2014) used GISTEMP data and identified this pattern as positive temperature trends in the Arctic combined with negative trends in the NH mid-latitudes in general during 1990-2013. In our study, linear trends in 2-m temperature were calculated based on 90-day records in each DJF for the AA1 and AA2 periods.
The results indicate that the WACC pattern has appeared in the NH during both AA1 ( Figure 1a ) and AA2 (Figure 1b) periods. The mean DJF Arctic temperature (referred to as area-weighted average of temperature in the area of 0 -360 E, 60 -90 N) increased approximately 1.1 C/decade during the AA2 period, which is over twice as fast as during the AA1 period (0.5 C/decade). Although the ERA20C only assimilates surface pressure and marine wind observations, it represents the magnitude and variability of AA reasonably well ( Figure S1a) , and in general the difference between GISTEMP and reanalysis products is much smaller during the AA2 period ( Figure S1b-d) . This warming signal is particularly strong over Greenland, the Canadian Archipelago, and Barents-Kara Seas. Conversely, the mid-latitude cooling signal is relatively strong in southern Europe and the Eurasian continent during the AA1 period, and in the United States and Eurasia during the AA2 period. This regional difference provides a good opportunity to study the WACC pattern in another historical period. As an additional comparison, we have applied a similar trend analysis (see details in section 2.4) to the GISTEMP, CERA20C, 20CRv2c, and ERA-Interim data. Figure S2 shows a similar WACC pattern during both AA periods in all data sets, but there are larger differences between reanalyses and GIS-TEMP during the AA1 period. This is mostly likely due to the sparse observation during that period. The high density of observations during the AA2 period results in a better agreement between GISTEMP and reanalysis products (see Figure S2b ,d,f,h), whether they assimilate satellite observations (e.g., in ERA-Interim) or only surface observations (e.g., in ERA20C, CERA20C, and 20CRv2c).
AA also results in a smaller mid-latitude-to-pole temperature gradient, but the spatial distribution of the gradient varies regionally. In our study, the latitudinal thickness gradient (LTG) was extracted from vertically averaged 1000-500 hPa geopotential height daily fields from ERA20C. The LTG strength, that is, the slope of the linear relationship between geopotential height and latitude (metres per latitude, referred to as m/lat) over every five grid points along the latitudinal line, is considered an alternative measure of polewards temperature gradient. Arguably thickness change is more relevant for assessing the effects of AA on the large-scale circulation (which will be our focus in section 3.2), as it represents warming over a deeper layer of the atmosphere that should more directly influence winds at upper levels (Francis and Vavrus, 2015) . We then calculated the linear trend of the LTG for AA1 and AA2 periods (Figure 2 ). There is a significantly strong decrease in LTG between 45 N and 65 N during both AA periods. The area is confined mainly to the central Atlantic sector during the AA1 period, but nearly the entire NH during the AA2 period. This may due to the fact that the AA signal is more pronounced in the Atlantic sector than in the Pacific sector during the AA1 period (Figures 1 and S2 , and also referring to Wood and Overland, 2010 , figure 2).
| Changes in zonal wind and upper-level flow character
Changes in polewards temperature or thickness gradients, according to the thermal wind relationship, affect the zonal wind speed. This means that in areas where the gradient increases (decreases), zonal winds strengthen (weaken), as shown by Francis and Vavrus (2015) . Figure 3a ,b demonstrates the significantly weakened zonal-mean zonal wind in all levels in the NH atmosphere, especially the upper troposphere, in both AA1 and AA2 periods. At the 500 hPa level in both AA periods (Figure 3c,d ), zonal wind weakening is greatest in the 45 -65 N latitude belt, where the significant decrease of LTG is located (Figure 2) . Again, the weakening of zonal wind is mainly seen in the Atlantic sector during the AA1 period.
Comparisons are also made with other reanalysis data sets. There is a good agreement among the reanalysis products on 500 hPa zonal wind trends (Figures 3c,d , S3c,d, S4c, d, and S5b); ERA20C shows stronger weakening of zonal mean zonal winds above 500 hPa during the AA2 period, while CERA20C and 20CRv2c demonstrate closer pattern to ERA-Interim (Figures 3b, S3b , S4b, and S5a). Larger differences exist between 20CRv2c and (C)ERA20C for the AA1 period, namely stronger weakening of zonal mean zonal winds above 800 hPa in the area north of 65 N in 20CRv2c (Figures 3a, S3a, and S4a) . This is probably because 20CRv2c does not assimilate any wind observations. The changes in zonal wind strength will also affect the total wind direction. The MCI index was developed as an indication of the wind direction change (see the detailed description in section 2.2). Figure 4 presents the linear trends in DJF |MCI| for winds at the 500 hPa. The significant positive trends in |MCI| indicate a shift in the wind vector to more meridional flow in NH mid-latitudes during both AA periods. This is also consistent with the locations where the LTG decreased (Figure 2 ) and where the u wind weakened (Figure 3, lower panel) . However, a more meridional flow can result from either a stronger v and/or weaker u wind component through simple vector geometry. To discern whether a stronger v or weaker u plays the more important role, we fixed u to its climatological mean (averaged for the period 1901-2010) in the MCI index calculation (referred to as MCI*). This removes the widespread significant positive trends shown in Figures 4b and S7b, suggesting that the wavier flow at northern mid-latitudes is mostly due to the weaker u wind component during the AA2 periods, while the v wind component contributes over eastern Canada, southern Greenland, and Scandinavia during the AA1 period. (2012) and Liu et al. (2012) suggested that reduced LTG would change the mid-latitude atmospheric circulation by weakening the zonal winds and increasing meridional flow, which would tend to result in a slower progression of weather systems and more frequent atmospheric blocking events. These blockings, in turn, play a key role in determining the mid-latitude weather, as shown in many previous studies (Carrera et al., 2004; Luo et al., 2016; Chen and Luo, 2017; Xie and Bueh, 2017) . In this section, we will discuss the variability and trends in BF and BI in the NH during AA1 and AA2. We introduced a 2D blocking index (see description in section 2.3), and calculated the corresponding BF as the percentage of the number of blocked days at a given grid point per winter (90 days). Accordingly, we obtained 110 maps of BF of blocked grid points, with one map per DJF for 1901-2010. Figure S8a displays the climatological mean of these maps: (a) the well-known high-frequency areas present over North Pacific-eastern Siberia, Greenland, Europe, and Azores and (b) two less pronounced regions over the subtropical eastern Pacific and Ural Mountains. This is similar to the BF maps based on other reanalysis data sets and/or other definitions of blocking in previous studies (Scherrer There is no significant hemispheric-wide increase in BF during the AA1 and AA2, but clear regional trends include a general increase (decrease) in BF in the Atlantic (Pacific) sector north of 60 N (within the inner latitude circle in Figure 5a ,b). Specifically, BF increased over the Atlantic sector (within a belt stretching from Greenland eastwards to Scandinavia), the Pacific sector (Alaska and western Siberia), and Ural Mountain area (Figure 5a,b) . It also increased in central Europe in the AA1 period, and in subtropical eastern Pacific during the AA2 period. Given that only a few regions show trends above the 95% confidence level, the values shown in Figure 5b are consistent with Barnes et al. (2014) , who found a significant increase in BF west of Greenland and over western Siberia, based on different reanalysis data sets and BF definitions during 1990-2012. We also calculated the BI of these blocking events. Figure S8c shows that the climatological BI maxima appear at the exit area of both the Pacific and North Atlantic jet streams and are not always collocated with the location of BF maxima: over eastern Siberia and Greenland, the BF values are high but BI values are low (in agreement with Davini et al., 2012) . Overall, the inter-annual variability (shown by the standard deviation of yearly values) of BI is relatively low compared with that of BF ( Figure S8b,d ). BI measures how much the circulation is affected by the existence of blocking, thus changes in BI may well be associated with the changes of strength and shape of the upperlevel flow. There are regional trends in BI, as well. Specifically, the combination of the BI and BF trend patterns indicate that: (a) during both AA periods (Figure 5 ), stronger blocking events tend to happen more frequently in the area between Greenland and central Europe, over the Ural Mountains, and in western Siberia; weaker events tend to happen less often over eastern Siberia; and (b) during the AA2 period (Figure 5b,d ), weaker events tend to occur less often in central Europe. These results are in accordance with stronger blocking since 1990 in the context of a 165-year Greenland blocking index record Hanna et al., 2018) , although the increase they reported is focused in summer (but is still evident in AA2 for winter). Davini et al. (2012) suggested that the increase/decrease dipole trends pattern in BF/BI in the Pacific sector is probably associated with an eastwards shift of the Aleutian Low centre (Overland et al., 1999) . These clear regional features of BF/BI trends indicate that attempts to analyse the large areaaveraged BF variations, for example, Barnes et al. (2014) , may obscure regional changes. The results mentioned above depend on the accuracy of Z 500 in the reanalysis data. Because ERA20C only assimilates surface observations, we have also made a comparison of the BF/BI trends during the AA2 period with ERA-Interim. Figure S9 shows very similar trends as those presented in Figure 5b ,d, but with a more pronounced increase of BI over Greenland in AA2.
| Changes in BF and BI
Francis and Vavrus
The increased frequency of stronger blocking events over the Atlantic sector, Ural Mountains, and western Siberia may have resulted in more mid-latitude WACC patterns in DJF during the AA2 period (Overland et al., 2015; Luo et al., 2016; Chen and Luo, 2017) . On the other hand, the changes in low-latitude (e.g., south of 45 N) blockings may have a negligible impact on weather patterns because they are unable to block or divert the main polar jet-stream flow (according to Davini et al., 2012) . It should be mentioned that some model-based studies (Hassanzadeh et al., 2014; Woollings et al., 2014; Kennedy et al., 2016) suggested a weak or even negligible Arctic influence on mid-latitude blockings. This can partly be explained by the fact that blocking features are still poorly simulated by many models (Anstey et al., 2013; Zappa et al., 2014; Davini and D'Andrea, 2016) , and the preferred locations for blocks may be shifting (Masato et al., 2013) . In addition, there is more than one metric to assess changes in NH blocking (Barnes et al., 2014) , and one should be careful when making direct comparisons among results from dissimilar approaches. For example, Hassanzadeh et al. (2014) used idealized models to investigate the variations of blocked-area-per-day at each latitude and concluded that the weakened polewards temperature gradient results in a robust decrease in blockings; however, decreased blocked-area does not necessarily mean decreased BF. Furthermore, Yao et al. (2017) ) found that while blocks had generally weakened in Eurasia, they had also become more persistent, which will result in longer-lived weather regimes.
| SUMMARY AND CONCLUSIONS
In this paper, the DJF WACC pattern for 1901-2010 has been investigated based on a set of statistical diagnostics using ERA20C reanalysis products. Rapid Arctic warming accompanied by severe winters in the mid-latitudes is clearly shown in both AA1 and AA2 periods. Warming is especially strong in Greenland, the Canadian Archipelago, and the Barents-Kara sea area in both AA periods, while strong cooling is shown for southern Europe and the Eurasian continent during the AA1 period, and in the United States and Eurasia during the AA2 period. We cannot yet say whether the Arctic serves as an amplifier or a driver of these cold extremes owing to the challenge of detecting robust atmospheric responses to AA within a short AA period. However, this study provides comparative analyses of the WACC pattern in two historical periods of AA.
In terms of large-scale dynamical features, our statistical analysis demonstrates a significant decrease in polewards temperature gradient and zonal wind strength between 45 N and 65 N during both AA periods, which is prominent mainly in the Atlantic sector during the AA1 period. Accordingly, trends in the absolute value of MCI indicate a more meridional jet stream in the same latitudinal belt. While there is no significant hemispheric-wide increase in BF or BI, the regional features in the blocking trends reveal that stronger blocking events tend to happen more frequently in some high-latitudes regions (i.e., over North Atlantic sector, Ural Mountains, and western Siberia).
The main results have been replicated using GISTEMP, CERA20c, 20CRv2c, and ERA-Interim data. Although the ERA20C only assimilates surface pressure and marine wind observations, it represents the magnitude of WACC pattern, 500 hPa u wind trends and the BF/BI trends reasonably well. Especially during the AA2 period, there is a good agreement among results from different data sets, whether they assimilate satellite observations (e.g., in ERA-Interim) or only surface observations (e.g., in ERA20C, CERA20C, and 20CRv2c).
We have not directly addressed the causes of the WACC pattern during these periods. Some studies suggested a connection to the Arctic sea-ice decline (Honda et al., 2009; Liu et al., 2012; Outten and Esau, 2012; Mori et al., 2014; Kug et al., 2015; Semenov, 2016; Cohen et al., 2018) , but other studies find no significant contributions from sea ice Li et al., 2015; McCusker et al., 2016; Sun et al., 2016) . In some cases, the WACC pattern is a result of forcing both from the Arctic and the lower latitudes (Lee et al., 2015; Francis et al., 2017) . On multidecadal timescales, Atlantic multi-decadal variability also plays important role (Semenov and Bengtsson, 2003; Keenlyside and Omrani, 2014; Peings and Magnusdottir, 2014) . Probably there is no simple cause-and-effect path way in interpreting atmospheric dynamics, because the response of atmospheric circulation to the AA and other factors is essentially nonlinear (Petoukhov and Semenov, 2010; Semenov and Latif, 2015; Overland et al., 2016b) .
It is worth highlighting that the linear trends in many of these dynamical features are comparable in terms of magnitude, but noticeably different in spatial distribution between the AA1 and AA2 period. This may partly due to the fact that the causal forcings of AA are different for these two periods, as mentioned in section 1. It also suggests the need for a more in-depth dynamical meteorological investigation of regional mechanisms of AA and mid-latitude weather linkages.
